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ABSTRACT 
Understanding the interactions of land-use management and landscape position on 
soil health is important in assessing how to measure soil health effectively. My goal was 
to optimize soil health assessments by evaluating: (i) which soil health metrics were most 
responsive to management, (ii) where differences were most easily observed on a 
landscape, and (iii) how many soil samples were needed to statistically detect the effects 
of management. Soil from two long-term research experiments in central and northeast 
Iowa were sampled from 0-15 centimeters, using a modified stratified sampling design 
based on management practice and landscape position.   
 My results indicated that soil respiration was a more responsive biological soil 
health metric than dissolved organic carbon, both in terms of differences between 
management practices and number of samples needed to detect these differences. 
Additionally, I found that landscape position and management effects on soil health were 
interdependent.  Based on results presented herein, I recommend soil sampling at the 
relatively flat, stable hillslope positions, i.e., the summit, footslope, or toeslope. In Iowa, 
differences in soil health were likely to be more strongly observed on east facing slopes. 
In all cases, comparison of soil health metrics should be made on matching hillslope 
positions and aspects. Lastly, results of the power analysis  suggested there was 
insufficient statistical power to detect significant differences in soil health without ample 
soil samples. I recommend measuring at least 100 soil samples per dataset, 25 per 
management practice, and 3 separate samples per plot. 
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CHAPTER 1.    INTRODUCTION 
Soil health metrics assess the ability of soil to provide ecosystem services and sustain 
plant, animal, and human life (Doran & Parkin, 1996). These metrics measure dynamic 
biological, chemical, and physical attributes of the soil (Moebius-Clune, 2017). Soil health is 
a growing topic of interest among farmers and researchers, and is receiving significant 
attention at a national scale through organizations such as the USDA-NRCS and Soil Health 
Institute. However, there is considerable debate about how to best measure soil health. There 
is great uncertainty about the best metrics and sampling strategies. Current strategies 
recommend sampling where there is little landscape variation (flat areas) or sample on a grid, 
rather than understanding this key source of variation in soil health, including how it affects 
measurements and the ideal number of samples (Moebius-Clune et al., 2017; Soil Health 
Partnership, 2018).  Recent research has intensely studied management effects on soil health 
while attempting to control, rather than understand, landscape variation (Reicosky & 
Forcella, 1998; Karlen et al., 2005; Wienhold et al., 2006; Idowu et al., 2009; Jokela et al., 
2011; Hammac et al., 2016). In general, these studies concluded cover crops and extended 
rotations improve soil health. Some of the studies showed no-tillage increased soil health 
compared to plow tillage, while others found no difference. 
There are a myriad of proposed soil health heath metrics, and even though some 
measure comparable characteristics, they are not comparable in performance. There are few 
research studies comparing similar soil health metrics to assess which are more responsive to 
management differences. This comparison is important to efficiently assess which 
management practices improve soil health. Haney et al. (2008), Haney & Haney (2010), and 
Moebuis-Clune et al. (2017) proposed sets of soil health metrics. Here, we compare some of 
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these metrics, namely, soil respiration and dissolved organic carbon (DOC) at the research 
plot and on-farm scale. Soil respiration is a measure of metabolic activity of soil microbes, 
and DOC is a measure of the labile organic matter fraction in soil organic matter (SOM). 
Both can serve as proxies of microbial biomass (Sparling et al., 1998, Gonet & Debska, 
2006; Moebius-Clune, 2017). 
When previous studies examined how landscape variability affects soil health, they 
generally classified landscape positions from field observations (Hammac et al., 2016; 
Kagabo et al., 2013), which are subjective and prone to variability between researchers. With 
Geographical Information Systems (GIS) technologies, we can digitally classify landscape in 
a quantifiable and repeatable manner. Multiple studies have demonstrated the utility of 
digital terrain analysis to detect spatial variability of soil properties (e.g. Odeh et al. 1994; 
Odeh 1995; MacMillan et al., 2000, Drăguţ & Blaschke, 2006). Here, we applied the Digital 
Hillslope Position (DHP) model (Miller & Schaetzl, 2015) to classify the landscape into five 
profile hillslope positions: summit, shoulder, backslope, footslope, and toeslope (Ruhe & 
Walker; 1968). The DHP classification is quantitative, objective, repeatable, and uses the 
same landscape nomenclature used by field soil scientists for decades (Soil Survey Staff, 
1993). We added classified slope aspect directions to the DHP model to stratify the study 
areas into units of landscape position. We applied this model to research plot and on-farm 
scale to quantitatively study the influences of landscape variability on soil health and to 
identify where on the landscape management differences are most easily observed.  
Despite our knowledge of the relationship between sample numbers and statistical 
power to detect differences, very few researchers examine power with either an ad hoc or 
post hoc test. Kravchenko & Robertson (2010) assessed how many soil samples were needed 
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to detect changes in whole-profile soil carbon stocks using a post hoc power analysis. Their 
results indicated that in soil science research there are often Type II errors (false negative) in 
the statistics, and that many more soil samples are needed to detect changes than what were 
sampled. In this study, we applied similar methods to determine the quantity of soil samples 
needed to detect management differences effects on soil health.  
In this research, we applied several geospatial and statistical techniques to study the 
factors influencing the successful detection of differences in soil health. The factors 
considered were metrics of soil health, landscape position of soil samples, and quantity of 
samples. In Chapter 2, we examine the above factors by assessing two long-term research 
experiments in central and northeast Iowa. Based on these results, we provide 
recommendations about which soil health metrics are most responsive to management 
differences, where these differences are most easily observed on the landscape, and the 
quantity of soil samples needed to statistically detect differences in soil health. Ultimately, 
our goal is to create more efficient sampling strategies for soil health. 
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CHAPTER 2.    MEASURING SOIL HEALTH: MANAGEMENT VS. LANDSCAPE 
POSITION 
Introduction 
Soil health, or soil quality, assessments and its relation to land management have been 
and are currently being intensely studied (Reicosky & Forcella, 1998; Karlen et al., 2005; 
Wienhold et al. 2006; Idowu et al., 2009; Jokela et al., 2011). While understanding management 
effects on soil health is invaluable to sustainably manage and improve soil health, studies can 
improve by explaining key sources of variability in soil health measurements caused by natural 
factors, such as landscape position. Quantitative geospatial landscape models could improve soil 
health assessments by identifying landscape positions that are similar or different, as well as 
predict variability. This provides insights on sampling location and quantity needed, thus, 
reducing sampling costs and increasing efficiency.  
With landscape classification models we can examine how hillslope position corresponds 
with differences in soil health metrics. Based on observed patterns with topography, 
recommendations can be derived for where to sample on the landscape to detect management 
effects on soil health. The current soil sampling recommendations are to avoid landscape 
variation (flat areas) or sample on a grid rather than understand the effects of this variation (Soil 
Health Partnership, 2016; Moebius-Clune et al., 2017). To improve the reliability of soil health 
comparisons, there needs to be recommendations on where to sample on the landscape and the 
quantity of soil samples needed to detect the possible effects of land management on soil heath. 
Although some studies have included some form of landscape position along with 
management in their examination of soil health metrics, they frequently relied on subjective field 
assessment of landscape position (Kagabo et al., 2013; Hammac et al., 2016). Human 
determination of landscape position can be powerful, but is dependent upon expert knowledge 
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and highly variable between researchers. Geographical information systems (GIS) allow for 
digital classification of landscape positions using an approach that is quantifiable and repeatable. 
Several studies have exhibited the usefulness of using digital terrain models to classify the 
landscape from digital elevation models (DEM) (Odeh et al., 1994 & 1995; MacMillan et al., 
2000; Drăguţ & Blaschke, 2006). In this study, we applied the Digital Hillslope Position (DHP) 
model (Miller & Schaetzl, 2015) to classify the landscape into the five major hillslope positions: 
summit, shoulder, backslope, footslope, and toeslope (Ruhe & Walker; 1968). This classification 
is quantitative, repeatable, objective, and uses nomenclature used by field soil scientists for 
decades for landscape classification (Soil Survey Staff, 1993; Miller & Schaetzl, 2015). 
Our objectives were to optimize soil health assessments by identifying: (i) biological soil 
health metrics that have the greatest response to land-use management, (ii) landscape positions 
where soil health metric differences are most easily observed, and (iii) appropriate quantity of 
soil samples to detect ecologically relevant effects of land-use management.  
Our hypotheses were: (i) landscape position has a greater effect on soil health indicators 
than long-term land-use management, (ii) integration of the effects of landscape position and 
land-use management to can determine where land-use effects on soil health indicators are most 
easily observed. We sought to identify landscape positions where land-use management has the 
greatest effect on soil health; thus, requiring the fewst samples to measure the effect.  
Materials and Methods 
Site Description 
This study was conducted on two, long-term research sites in central and northeast Iowa 
(figures 1-3). The sites are on the Des Moines Lobe and Iowan Surface landform regions, 
respectively (figure 1).  The central Iowa site is located at Iowa State University’s Boyd Farm in 
Boone County (42°00’27” N latitude, -93°47’31” W longitude). This site is characterized by two 
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predominant soil series: Clarion loam (fine-loamy, mixed, superactive, mesic, Typic Hapludoll) 
and Nicollet clay loam (fine-loamy, mixed, superactive, mesic Aquic Hapludoll) (Soil Survey 
Staff, 2016). The northeast Iowa site is located at Iowa State University’s Northeast Research 
and Demonstration Farm in Floyd County (42°55’55” N latitude, -92°34’20” W longitude). This 
site is characterized by three predominant soil series: Kenyon loam (fine-loamy, mixed, 
superactive, mesic Typic Hapludoll), Floyd loam (fine-loamy, mixed, superactive, mesic Aquic 
Pachic Hapludoll), and Readlyn loam (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) 
(Soil Survey Staff, 2017).  
  The central Iowa site was established in 2001 with four management systems: corn 
(cultivar Pioneer 36V75)-soybean (cultivar Pioneer 92M11) rotation, with and without cereal 
winter rye (variety not stated) cover crop, and corn silage-soybean rotation, with and without 
cereal winter rye cover crop. Every year, each phase of the crop rotation was present, for a total 
of eight different management practices (figure 2, table 1). The research plots have a randomized 
complete block design. In 2016, we sampled soil from these treatments, 15 years after the 
experiment of was established.  
In the year of this study, corn was planted on 26 April, soybean was planted on 6 May, 
and if the rye cover crop was present, it was terminated with glyphosate applied at 1.12 kg of 
active ingredient ha-1 on 19 April and 27 April, respectively.  The rye cover crop was planted in 
fall 2015, following harvest on 1 October and 9 September for the previous soybean and corn 
cover crop plots, respectively.  The entire central Iowa site was managed without tillage. In corn 
treatments, nitrogen fertilizer was injected as liquid urea ammonium nitrate (UAN) in equal split 
applications at planting and on 31 May, following corn emergence, at total rate of 208 kg N ha-1.  
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Phosphorus and potassium fertilizers were subsurface band applied in the treatments going into 
corn silage at rates of 122 kg P ha-1 and 81 kg K ha-1 on 6 October 2015.  
The northeast Iowa plots were established in 2007 with three management systems: (i) 
continuous-corn (cultivar Pioneer P0157AMX) with chisel plow tillage (CT) and manure 
fertilizer, (ii) corn-soybean (cultivar non-treated Pioneer 22T69R) with CT and urea ammonium 
nitrate (UAN) liquid fertilizer, and (iii) corn-soybean without tillage (NT) and manure fertilizer. 
Every year, each phase of the crop rotation was present for a total of five different cropping 
system and phase combinations (figure 3, table 2). The experiment had a randomized complete 
block design. There was a fourth management system in the overall experimental design, but was 
excluded from this study because it was initiated in 2015. . CT occurred every fall for the 
continuous-corn practice, and every corn phase fall for the corn-soybean-CT practices. In 2016, 
corn was planted on 6 May and soybean was planted on 8 May. UAN was spoke injected for 
corn in spring at a rate of 168 kg N ha-1. Liquid swine manure was subsurface injected for corn at 
rates of 168 kg N ha-1 and 224 kg N ha-1 for corn-soybean and continuous corn, respectively in 
the previous fall after harvest.  
Sampling Design 
To determine sample location within the research plots, a stratified sampling design was 
implemented for each cropping system and phase combination based on hillslope position and 
slope aspect (collectively, landscape position). The digital hillslope position (DHP) model 
(Miller & Schaetzl, 2015) was used to perform a terrain analysis to define the research plot areas 
into the five profile hillslope positions: summit, shoulder, backslope, footslope, and toeslope 
(Ruhe and Walker, 1968). For the DHP classification, hillslope position is based on terrain 
derivatives including relative elevation, slope gradient, and profile curvature. These parameters 
were calculated from a Light Detection and Ranging (LiDAR) derived DEM (Iowa DNR, 2014). 
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Digital terrain analysis was completed using a combination of functions in ArcGIS 10.3.1 (ESRI, 
2016) and GRASS 7.0.2 (GRASS GIS, 2016), and processed in a decision tree using the Relief 
Analysis Toolbox (glsi.agron.iastate.edu/relief-analysis-toolbox). Analysis scales for the digital 
terrain derivatives were 9-meters for slope gradient, 63-meters for profile curvature, and 135-
meters for relative elevation (Miller, 2014). In this study, aspect (or slope direction) was added 
onto hillslope position to create landscape position classifications. Aspect was calculated at an 
analysis scale of 33 m using the r.param.scale function in GRASS 7.0.2, classified into 
northwest, northeast, southeast, and southwest, and then intersected with hillslope position raster 
to create the landscape position classification used in this study. 
The landscape position layer was converted into a vector format and intersected with the 
management plots (figures 2 & 3). The centroid of each of the resulting stratifications was found, 
then 5-m and 10-m buffers were applied to the centroids. The sampling plots area and shape 
were manually examined to ensure four secondary points (two 5-m and two 10-m from centroid) 
would fit inside the sampling plot for a total of five sampling points within each management-
landscape position plot. The secondary points were placed bi-directionally, based on the 
sampling plot shape.  
Soil Sampling and Analyses 
Soil sampling occurred on 6 June 2016 and 16 June 2016 around the V5 corn growth 
stage for the central Iowa and northeast Iowa sites, respectively. The centroids were located in 
the field using a Garmin GPS unit with horizonal precision of +/- 3-m, and the four secondary 
points were measured 5-m and 10-m from the centroids using a tape measure. At each sampling 
point, three cores were taken from a depth of 0-15 cm using 1.9 cm diameter soil probes. The 
three cores were combined for each sampling point.  
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After collection, the soil samples were stored and transported in insulated coolers to the 
laboratory and refrigerated at 4°C until processed and analyzed. Upon removal from 
refrigeration, each sample was thoroughly mixed. To measure gravimetric soil moisture content, 
10-g of fresh soil was weighed, oven-dried at 105°C for 48-h, and then weighed again. The 
remaining soil from each sample was air-dried for at least 7-d and sieved on a 2-mm mesh.  
 Soil respiration was measured by CO2 burst using modified methods from Moebius-
Clune et al. (2016) and Haney & Haney (2010). Ten g of air-dried soil was weighed into 160-ml 
Wheaton jars. The soil was rewetted with 3.5 ml of deionized H2O. Upon rewetting, each jar was 
immediately capped and sealed. The samples were incubated at ambient laboratory temperature 
in the dark for 96-h. The CO2 burst was determined by infrared gas analysis using a LI-COR 
7000 gas analyzer and expressed as mg C kg soil-1 (LI-COR Biosciences, Lincoln, NE).  
 Dissolved organic carbon (DOC) was measured from hot H2O extractions. Five g of air-
dried soil was weighed into 50-ml centrifuge tubes, and 35 ml 0.01 M CaCl2 was added. The 
samples were then shaken in 80°C water bath for 4-h. After shaking, the samples were 
centrifuged for 20-minutes at 3000 rpm. The supernatant was then filtered through pre-leached 
0.45-µm pore size polyethersulfone membrane filters using a vacuum apparatus (Rinot, 2011). 
Each filtered sample was acidified with 200-µl of 85% phosphoric acid, then immediately frozen 
until analysis. The samples were analyzed for DOC using a Shimadzu total organic carbon 
analyzer and expressed as mg C kg soil-1 (Shimadzu Corporation).  
 Dissolved organic nitrogen (DON) was measured from H3A-2 (acid solution composed 
of organic acids: citric acid, malic acid, and oxalic acid, and lithium citrate) extractions. Four g 
of air-dried soil was weighed into 50-ml centrifuge tubes, and 40-ml of H3A-2 was added. The 
samples were then shaken on high for 1-h. After shaking, the samples were centrifuged for 5-
11 
minutes at 3000 rpm. The supernatant was then filtered through grade 2V, 8-µm Whatman 
cellulose filters (Haney et al., 2008). Each filtered sample was then immediately frozen until 
analysis. The samples were analyzed for total nitrogen (TN) using a Shimadzu total organic 
carbon analyzer (Shimadzu Corporation). The samples were also analyzed for nitrate and 
ammonium, collectively as inorganic nitrogen (IN) using a LACHAT flow injection analyzer 
(LACHAT Instruments). DON was calculated: DON = TN – IN and expressed as mg N kg soil-1.  
Soil pH was measured in 1:2 soil:0.01 M CaCl2 solution. Ten g of air-dried soil was 
weighed into 50-ml centrifuge tubes and 20-ml of 0.01 M CalCl2 was added. The samples were 
shaken on a reciprocal shaker for 30-minutes. The pH of the solution was then immediately 
measured using a Fisher Scientific accumet AB15 pH meter (Thermo Fisher Scientific).   
Statistical Analyses 
Datasets for the central Iowa site were first separated by crop rotation phase: soybean 
treatments 1-4 and corn treatments 5-8. We made this separation because soybean phase 
treatments were on the summit, shoulder, and footslope, while corn phase treatments were on the 
footslope and toeslope, resulting in an experiment that was not fully factorial (figure 1). For the 
northeast Iowa site, management practices 2 and 4, as well as 3 and 5 were combined because 
there was no statistical difference between crop phases (table 2-3). For both the central Iowa and 
northeast Iowa sites, the data were analyzed as a mixed model analysis of variance (ANOVA), 
blocking for plot using PROC MIXED procedure in SAS 9.4 to determine the effects of 
individual management treatments, hillslope position, and slope aspect on each soil health metric 
(SAS Institute). Tukey’s Honest Significant Difference tests were also performed in SAS 9.4 to 
compare management treatment and landscape position means. For both analyses, p-values < 0.1 
were considered significant. Percent differences were calculated by the following equation: 
((maximum mean – minimum mean)/maximum mean)*100. 
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A post-hoc power analysis was performed in SAS 9.4 to evaluate the power of the data to 
detect statistically significant differences in treatments and to determine the quantity of soil 
samples needed to detect statistically significant differences in treatments with certain power, 
arbitrarily set at 90% (Stroup, 2002; Kravchenko and Robertson, 2010; Gbur et al., 2012; Casler, 
2015). The power analysis was set up to stepwise eliminate one sampling point from the set of 
five within the management-landscape position stratification. We assumed that the means of the 
data represent the population mean. 
Results 
Management Effects on Soil Health Metrics 
Soil respiration was significantly greater with rye cover crop in the soybean phase, and 
with corn-soybean than silage-soybean rotation in the corn phase at the central site (figure 4b&d, 
tables 7&8). At the northeast Iowa site, soil respiration was significantly greater in continuous 
corn-CT-manure than the other two management practices (figure 5d, table 9). While not 
statistically testable, soil respiration was 10.2% greater with CT than NT and 20.5% greater with 
manure than UAN fertilizer (figure 5b-c). DOC was significantly greater with rye cover crop in 
the soybean phase at the central Iowa site (figure 10b, table 7). DOC was significantly greater in 
continuous corn-CT-manure than the other two management practices at the northeast site (figure 
11d, table 9). While not statistically testable, DOC was 17.2% greater with CT than NT and 
17.0% greater with manure than UAN fertilizer (figure 11b-c). 
There were no significant differences in DON with any management treatments at the 
central site (figure 16, tables 7&8). DON was significantly greater in continuous corn-chisel 
plow-manure than the other two management practices at the northeast site (figure 17d, table 9). 
While not statistically testable, DON was 13.4% greater with manure than UAN fertilizer (figure 
17b-c). 
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Both crop rotation and cover crop had a significant effect on gravimetric soil moisture 
content in the soybean phase at the central Iowa site (table 7). In the corn phase, only crop 
rotation had a significant effect on gravimetric soil moisture content (table 11). At the northeast 
Iowa site, there was a significant effect of management practice on both gravimetric soil 
moisture content and pH (table 9).  
Landscape Position Effects on Soil Health Metrics 
Soil respiration was significantly greater at the summit than the shoulder; however, the 
summit was not statistically greater than the footslope in the soybean phase, and in the corn 
phase, soil respiration was significantly greater at the toeslope than the footslope at the central 
Iowa site (figure 6a&b, table 7&8). Soil respiration was significantly greater at the footslope than 
the summit and shoulder, and the NE-footslope was significantly greater than all other landscape 
positions (figure 7b&c). At the northeast Iowa site, soil respiration was significantly greater on 
the northeast facing slopes than the northwest aspects, but all other slope aspects were not 
significantly different (figure 7a, table 9). 
DOC was not significantly greater in any hillslope position in either soybean or corn 
phase at the central Iowa site. Nonetheless, there was 16.4% difference between the summit, 
shoulder, and footslope in the soybean phase, and the toeslope was 12.3% greater than the 
footslope in the corn phase (figure 12a&b). DOC was significantly greater at the footslope than 
the other two hillslope positions, the NE-footslope was significantly greater than all other 
landscape positions, and the SW-shoulder was significantly greater than SW-summit at the 
northeast site (figure 13b&c). 
DON was not significantly different in any hillslope position in either soybean or corn 
phase at the central Iowa site. However, in the soybean phase there was 30.2% difference in 
DON between the summit, shoulder, and footslope, and in the corn phase the footslope was 
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22.8% greater than the toeslope (figure 18a&b). DON was significantly greater at the footslope 
than the summit, and the NE-footslope was greater than the SE-summit, SW-summit, and SE-
shoulder at the northeast site (figure 19b&c). While not statistically significant, there was a 
12.9% difference in DON between slope aspects. 
There was a significant effect of hillslope position on both gravimetric soil moisture 
content and pH in the soybean phase, and in the corn phase only on soil moisture content at the 
central Iowa site (table 7&8). Slope aspect, hillslope position, and landscape position had a 
significant effect on gravimetric soil moisture content at the northeast Iowa site (table 9). 
Additionally, landscape position had a significant effect on pH (table 9). 
Interaction of Management and Landscape Position Effects on Soil Health Metrics 
Soil Respiration   
Soil respiration rates were significantly greater with rye cover crop in the summit than 
every other management-landscape position combination, except for the footslope in the same 
management practices. The shoulder and footslope positions in those rye cover crop management 
practices also had significantly greater soil respiration rates than any hillslope position in the 
soybean-silage-no cover crop management practice. The general pattern across management 
practices in the soybean phase was that the summit had the greatest soil respiration, then 
footslope, and the shoulder had the least (figure 8a). In the corn phase, soil respiration was 
significantly greater in the toeslope of the silage-soybean-rye cover crop management practice 
than the footslope of either silage-soybean management practices. In the silage-soybean 
management practices, there was a general pattern of the toeslope having greater soil respiration 
than the footslope, but the pattern did not hold true in the corn-soybean management practices 
(figure 8b).  
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The southwest slope aspect was statistically greater in soil respiration than the northwest 
slope aspect within the corn-soybean-CT-UAN management practice at the northeast Iowa site. 
All other slope aspects within each management practice were not significantly different in soil 
respiration. Soil respiration was significantly greater in each respective slope aspect pairs 
between continuous corn-CT-manure than the other two management practices. All respective 
slope aspect pairs between corn-soybean-CT-UAN and corn-soybean-NT-manure were not 
significantly different in soil respiration (figure 9a, table 4).  
The continuous corn-CT-manure footslope was significantly greater in soil respiration 
than any other management practice-hillslope position combination. All respective hillslope 
position pairs between continuous corn-CT-manure were significantly greater in soil respiration 
than the other two management practices, except for the summit position in corn-soybean-NT-
manure management practice. All respective hillslope position pairs between corn-soybean-CT-
UAN and corn-soybean-NT-manure were not significantly different in soil respiration (figure 9b, 
table 5).  
Soil respiration was significantly greater in NE-footslope of continuous corn-CT-manure 
than any other management practice-landscape position combination. The continuous corn-CT-
manure NE- and SE-summit and NW- and NE-shoulder landscape positions were significantly 
greater in soil respiration than the same landscape positions in corn-soybean-CT-UAN 
management practice, while the NW-summit and SW-shoulder landscape positions were not 
significantly different. The continuous corn-CT-manure NE- and SE-shoulder and NE-footslope 
landscape positions were significantly greater in soil respiration than the same landscape 
positions in the corn-soybean-NT-manure management practice, while all of the summit and 
SW-shoulder landscape positions were not significantly different. All of the landscape position 
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pair comparisons of corn-soybean-CT-UAN and corn-soybean-NT-manure were not significantly 
different in soil respiration. Within the corn-soybean-NT-manure management practice, soil 
respiration was significantly greater in SW-shoulder than the other shoulder landscape positions 
(figure 9c, table 6).  
Dissolved Organic Carbon 
There was a pattern across management practices of summit having greater DOC than the 
footslope, both of which were greater than the shoulder in the soybean phase at the central Iowa 
site (figure 14a). In the corn phase, the silage-soybean-rye cover crop management practice had 
significantly greater DOC in the toeslope than the footslope of either silage-soybean 
management practices. Additionally, the corn-soybean-rye cover crop management practice had 
significantly greater DOC than the footslope of both silage-soybean practices. There is a 
significant interaction between crop rotation and hillslope position with the corn-soybean 
practices having greater DOC in the footslope and the silage-soybean practices having greater 
DOC in the toeslope hillslope position (figure 14b, table 8).  
None of the slope aspects were significantly different in DOC at the northeast Iowa site 
(figure 15a, table 4). DOC was greater in footslope of continuous corn-CT-manure than any 
other management-hillslope position combination. The shoulder hillslope position in the 
continuous corn-CT-manure practice was greater in DOC than the shoulder positions in the other 
two practices (figure 15b, table 5). DOC was significantly greater in NE-footslope landscape 
position in the continuous corn-CT-manure practice than any other management-landscape 
position combination. The NE-shoulder in continuous corn-CT-manure was significantly greater 
in DOC than the same landscape position in the corn-soybean-CT-UAN practice, while all other 
landscape positions were not significantly different. The SE-shoulder in continuous corn-CT-
manure practice was significantly greater in DOC than the same landscape position in corn-
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soybean-NT-manure practice, while all other landscape positions were not significantly different. 
DOC was not significantly different in any of the landscape position pair comparisons between 
the two corn-soybean management practices. Within corn-soybean-NT-manure, the SW-shoulder 
was greater in DOC than the other shoulder landscape positions (figure15c, table 6). 
Dissolved Organic Nitrogen 
There were no significant difference in DON between any landscape position and 
management practice combination at the central Iowa site (figure 20a-b, tables 7&8). At the 
northeast Iowa site, the northwest and southwest slope aspects in the continuous corn-CT-
manure practice had greater DON than the same respective slope aspects in the corn-soybean-
CT-UAN practice. The southwest slope aspects in the continuous corn-CT-manure practice were 
greater in DON than the same slope aspects in the corn-soybean-NT-manure practice (figure 21a, 
table 4). The footslope in the continuous corn-CT-manure practice is greater in DON than any 
other hillslope position and management practice combination. The summit position in the 
continuous corn-CT-manure practice is significantly greater in DON than summit positions in 
both corn-soybean management practices. The hillslope position comparisons between the two 
corn-soybean management practices are not significantly different in DON (figure 21b, table 5). 
The NW-summit and NW-shoulder were significantly greater in DON in the continuous corn 
practice than the corn-soybean-CT-UAN practice. All other landscape position comparisons 
were not significantly different in DON (figure 21c, table 6). 
Soil Moisture Content & pH 
There was a significant interaction effect between crop rotation and hillslope position, 
and cover crop and hillslope position on gravimetric soil moisture content in the corn phase at 
the central site (table 8). At the northeast Iowa site, there was a significant interaction effect 
between management and slope aspect, management and hillslope position, and management, 
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slope aspect, and hillslope position on gravimetric soil moisture content. There was also a 
significant interaction effect between management and slope aspect on pH (table 9). 
Power Analyses to Detect Management Differences 
 Of 185 samples, 111 total samples or 3 samples per management-landscape position plot 
were required to provide sufficient power (<90%) to detect management differences in soil 
respiration in the soybean phase, and in the corn phase, 135 samples of the total 165 samples or 4 
samples per plot at the central site. At the northeast Iowa site, there was sufficient power to 
detect management differences in soil respiration with 96 of the 250 total samples or 2 sample 
per plot (tables 10-12). 
 DOC had sufficient power to detect management differences in the soybean phase at the 
central Iowa site until 74 total samples or 2 samples per plot, and in the corn phase, there was 
never sufficient power, even with the full dataset of 165 total samples. At the northeast Iowa site, 
there was sufficient power to detect management differences in DOC at all sampling levels 
(tables 10-12). 
 Neither in the soybean phase nor the corn phase was there sufficient power to detect 
management differences in DON, even with the full dataset of 185 and 165 samples, 
respectively, at the central site. There was sufficient power to detect management differences in 
DON until 138 total samples or 3 samples per plot at the northeast site (tables 10-12). 
 There was sufficient power to detect management differences in gravimetric soil moisture 
content until 37 total samples or 1 sample per plot in the soybean phase, and in the corn phase, 
until 66 total samples or 2 samples per plot at the central Iowa site. There was sufficient power to 
detect management differences in gravimetric soil moisture content until 96 total samples or 2 
samples per plot at the northeast site (tables 10-12). 
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There was never sufficient power to detect management differences in pH in the soybean 
phase and in the corn phase there was sufficient power until 99 total samples or 3 samples per 
plot at the central Iowa site. There was sufficient power to detect management differences in pH 
until 184 total samples or 4 samples per plot at the northeast site (tables 10-12). 
Discussion 
Soil Respiration has the Greatest Response to Management Differences 
Soil respiration is a measure of the metabolic activity of the soil microbes, and DOC is a 
measure of the labile organic matter fraction in soil organic matter (SOM). Both can serve as 
proxies of microbial biomass and are used to evaluate soil health (Sparling et al., 1998, Gonet & 
Debska, 2006; Moebius-Clune, 2017). Our results indicate soil respiration has greater response 
to management differences than DOC because of its greater percent difference between 
management practices and more consistent significant differences across managements (figures 
4-5, 10-11, tables 7&8).  
Soil respiration also required the fewest soil samples to detect management differences, 
and had consistently high power across sites, while DOC, DON, and pH did not (tables 10-12). 
DON is a nitrogen source for microbial metabolism (Haynes, 2005). At the central Iowa site, 
there were no differences in DON among management practices. Only at the northeast Iowa site, 
where there was an extreme difference in carbon and nitrogen balances between the continuous-
corn and the other two management practices, did we see a management effect on DON (figures 
18-19, tables 7&8).  
Landscape Position Effects on Soil Health are Management Dependent  
The current recommendation for soil health sampling are to avoid landscape variation or 
sample on a grid (Soil Health Partnership, 2016; Mobius-Clune, 2017). However, researchers 
and producers alike may only have access to limited soil sampling. To improve the probability of 
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detecting a true management difference, soil sampling may be better focused to certain landscape 
position comparisons. Furthermore, our results indicate where on the landscape these differences 
are strongest may be interdependent with the management practice comparison itself.  
 When comparing cover crop to no cover crop treatment, the greatest difference was at the 
summits; however, there were also significant differences in the footslope (figure 8). When 
comparing continuous corn-CT-manure to the corn-soybean-NT-manure, the greatest difference 
was at the footslopes. Though, this may be due to the nature of this management comparison. 
The continuous corn practice has greater carbon and nitrogen inputs from the increased amount 
of biomass. At the same time, the summit in this management practice may have greater soil 
erosion due to the chisel plow disturbance, and the footslopemay have greater soil deposition due 
to the greater upslope erosion. This would decrease soil health at the summit and increase soil 
health at the footslope. On the contrary, the corn-soybean-NT management practice has less 
carbon and nitrogen inputs, but the NT may decrease erosion at the summit and deposition at the 
footslope. This would, in turn, cause continuous-corn-CT and corn-soybean-NT to become more 
similar at the summit, despite the carbon and nitrogen cycle budget imbalances between the two 
practices, and more distinct at the footslope (figure 9b, 15b, 21b, table 5). 
 Additionally, our results show that within a management practice, the slope aspects may 
rear very different results in soil health (figure 9a, 20a, table 4). Generally, greater differences in 
management practices were observed in this research on east-facing landscape positions than 
west-facing landscape positions (figure 9c, table 6).  
Abundant Soil Samples are Needed to Detect Management Differences on Soil Health 
At the central site, there was insufficient power in detecting management practice 
differences in DON and pH in the soybean phase, and DOC and DON in the corn phase. Depsite 
our intention to over-sample, because of the insufficient power, it is impossible to surmise 
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whether or not there is a difference between management practices or, in other words, there was 
a Type II error (false negative). Although, because we had high sample replication, we may infer 
that DOC, DON, pH can have high intrinsic variability, while soil respiration and gravimetric 
soil moisture content are less variable and more responsive to management differences 
(Kravchenko & Robertson, 2010).  
Conclusions 
Our results give compelling evidence that when choosing biological soil health metrics, 
soil respiration is most responsive and least variable compared to DOC and DON. It consistently 
requires fewer soil samples to detect management differences across sites and shows clear 
distinction between management practices. While we agree with the recommendation to soil 
sample where there is little landscape variation or where it is flat, however, flat areas, summits 
and toeslopes, are not equal. Furthermore, our results show the importance of sampling the same 
landscape positions when comparing management practices, in both the sense of slope aspect and 
hillslope position.  We have demonstrated that aspect and hillslope position affect soil health 
metrics, thus, to allow for fair comparisons between management practices, we must hold this 
variable constant. Consistently comparing similar landscape positions, especially over a 
geographic range, requires a landscape classification system that is quantitative and repeatable, 
such as used here. These technologies are widely available and need to be utilized when planning 
plot layout and sampling designs. Moreover, it is imperative to consider the management 
comparison in question, and how these practices affect landscape and soil processes, such as 
erosion and deposition along with nutrient and carbon cycling.  
Lastly, we have shown that many soil samples are required to detect management 
differences. Our general recommendation is to compare a dataset with no less than 100 soil 
samples, 25 soil samples per management treatment, or 3 separate samples per plot. With fewer 
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soil samples, there is less power to detect management differences and greater chances of 
committing a Type II error. Thus, when intensive soil sampling is not possible, it is particularly 
important to use soil health indicators that are responsive and taking samples at landscape 
positions where the impact of management is most easily observed. 
Figures and Tables 
 
Figure 1: Landform Regions of Iowa. Central and northeast sites are located on the Des Moines 
Lobe and Iowan Surface, respectively (Iowa DNR, 2014). The Des Moines Lobe is characterized 
by the Clarion-Nicollet-Webster soil association. The Iowan Surface is characterized by the 
Kenyon-Clyde-Floyd soil association.  
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Figure 2: Central Iowa research site at Iowa State University’s Boyd Farm in Boone County, 
Iowa. This site is characterized by the Clarion-Nicollet association (Soil Survey Staff, 
SSURGO). There are eight management treatments (Table 1).  
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Table 1: Central Iowa land-use management practices 
 Crop rotation Cover crop  Tillage Fertilizer rate 
(1) soybean (corn silage) no no-till 0 kg N ha-1 
(2) soybean (corn silage) rye no-till 0 kg N ha-1 
(3) soybean (corn) no no-till 0 kg N ha-1 
(4) soybean (corn) rye no-till 0 kg N ha-1 
(5) corn silage (soybean) no no-till 208 kg N ha-1 
(6) corn silage (soybean) rye no-till 208 kg N ha-1 
(7) corn (soybean) no no-till 208 kg N ha-1 
(8) corn (soybean) rye no-till 208 kg N ha-1 
     
Table 2: Northeast Iowa land-use management practices 
 Crop rotation Tillage Fertilizer source Fertilizer rate 
(1) corn (corn) chisel plow manure 224 kg N ha-1 
(2) corn (soybean) chisel plow UAN 168 kg N ha-1 
(3) corn (soybean) no-till manure 168 kg N ha-1 
(4) soybean (corn) chisel plow UAN 0 kg N ha-1 
(5) soybean (corn) no-till manure 0 kg N ha-1 
Table 3: Northeast Iowa land-use management practices 
 Crop rotation Tillage Fertilizer source Fertilizer rate 
(1) corn (corn) chisel plow manure 224 kg N ha-1 
(2) corn (soybean) chisel plow UAN 168/0 kg N ha-1 
(3) corn (soybean) no-till manure 168/0 kg N ha-1 
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Figure 3: Northeast Iowa research site at Iowa State University Northeast Research and 
Demonstration Farm in Floyd County, Iowa. This site is characterized by the Kenyon-Floyd-
Readlyn association. There are three management treatments (Table 3). 
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Figure 4: Difference in soil respiration by management practice at the Central Iowa site. 
Differences in soil respiration between crop rotations in soybean (a) and corn (d) phase. 
Difference in soil respiration between cover crops in soybean (b) and corn (e) phase. Difference 
in soil respiration between complete management practices in soybean (c) and corn (f) phase. 
Letters represent Tukey’s Least Difference test. Groupings with any same letters are not 
significantly different using α = 0.1. For soybean phase, cover cropping had a significant effect 
on soil respiration (table 7). For corn phase, crop rotation had a significant effect on soil 
respiration (table 8). Splitting line of each boxplot represents the median of the data. Top and 
bottom boundaries of the boxplots represent upper and lower quantile of the data, respectively. 
Top and bottom whiskers of each boxplot represent the maximum and minimum of the data, 
respectively. Points represent outliers. Tables 4-5 summarize data means, standard error, and 
95% confidence interval. Abbreviations used: SoyCorn, SC = soybean-corn; SoySilage, SSil = 
soybean-silage; CornSoy, CS = corn-soybean; SilageSoy, SilS = silage-soybean. 
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Figure 5: Differences in soil respiration by crop rotation (a), tillage system (b), nitrogen source 
(c), and complete management practice (d) at the Northeast Iowa site. Letters represent Tukey’s 
Least Difference test. Groupings with any same letters are not significantly different using α = 
0.1. Management practices had a significant effect on soil respiration (table 9). Splitting line of 
each boxplot represents the median of the data. Top and bottom boundaries of the boxplots 
represent upper and lower quantile of the data, respectively. Top and bottom whiskers of each 
boxplot represent the maximum and minimum of the data, respectively. Points represent outliers. 
Table 6 summarizes data means, standard error, and 95% confidence interval. Abbreviations 
used: ContCorn = continuous corn; CornSoy, CS = corn-soybean; SoyCorn = soybean-corn. 
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Figure 6: Differences in soil respiration by hillslope position at the Central Iowa site in soybean 
(a) and corn (b) phase. Letters represent Tukey’s Least Difference test. Groupings with any same 
letters are not significantly different using α = 0.1. In both the soybean and corn phase, hillslope 
position had a significant effect on soil respiration (tables 7&8). Splitting line of each boxplot 
represents the median of the data. Top and bottom boundaries of the boxplots represent upper 
and lower quantile of the data, respectively. Top and bottom whiskers of each boxplot represent 
the maximum and minimum of the data, respectively. Points represent outliers. Tables 4-5 
summarize data means, standard error, and 95% confidence interval.  
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Figure 7: Differences in soil respiration by slope aspect (a), hillslope position (b), and landscape 
position (c) at the Northeast Iowa site. Letters represent Tukey’s Least Difference test. 
Groupings with any same letters are not significantly different using α = 0.1. Slope aspect had a 
significant effect on soil respiration (table 9). Splitting line of each boxplot represents the median 
of the data. Top and bottom boundaries of the boxplots represent upper and lower quantile of the 
data, respectively. Top and bottom whiskers of each boxplot represent the maximum and 
minimum of the data, respectively. Points represent outliers. Table 6 summarize data means, 
standard error, and 95% confidence interval. Abbreviations used: NW = northwest; NE = 
northeast; SE = southeast; SW = southwest; Su = summit; Sh = shoulder; Fs = footslope. 
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Figure 8: Differences in soil respiration by management practice and landscape position at the 
Central Iowa site in soybean (a) and corn (b) phase. Letters represent Tukey’s Least Difference 
test. Groupings with any same letters are not significantly different using α = 0.1. Splitting line 
of each boxplot represents the median of the data. Top and bottom boundaries of the boxplots 
represent upper and lower quantile of the data, respectively. Top and bottom whiskers of each 
boxplot represent the maximum and minimum of the data, respectively. Points represent outliers. 
Abbreviations used: SoyCorn = soybean-corn; SoySilage = soybean-silage; CornSoy = corn-
soybean; SilageSoy = silage-soybean. 
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Figure 9: Differences in soil respiration by management practice and slope aspect (a), hillslope 
position (b), and landscape position (c) at the Northeast Iowa site. Tukey’s Least Difference test 
results can be found in tables 7-9 for management practice and slope aspect, hillslope position, 
and landscape position, respectively. Splitting line of each boxplot represents the median of the 
data. Top and bottom boundaries of the boxplots represent upper and lower quantile of the data, 
respectively. Top and bottom whiskers of each boxplot represent the maximum and minimum of 
the data, respectively. Points represent outliers. Abbreviations used: ContCorn, CC = continuous 
corn; CornSoy, CS = corn-soybean; CT, chisel = chisel plow tillage; U = UAN fertilizer; M = 
manure fertilizer; NW = northwest; NE = northeast; SE = southeast; SW = southwest; Su = 
summit; Sh = shoulder; Fs = footslope. 
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Figure 10: Differences in DOC by management practice at the Central Iowa site. Differences in 
DOC between crop rotations in soybean (a) and corn (d) phase. Differences in DOC between 
cover crops in soybean (b) and corn (e) phase. Differences in DOC between complete 
management practices in soybean (c) and corn (f) phase. Letters represent Tukey’s Least 
Difference test. Groupings with any same letters are not significantly different using α = 0.1. In 
soybean phase, crop rotation had a significant effect on DOC (table 7). Splitting line of each 
boxplot represents the median of the data. Top and bottom boundaries of the boxplots represent 
upper and lower quantile of the data, respectively. Top and bottom whiskers of each boxplot 
represent the maximum and minimum of the data, respectively. Points represent outliers. Tables 
4-5 summarize data means, standard error, and 95% confidence interval. Abbreviations used: 
SoyCorn, SC = soybean-corn; SoySilage, SSil = soybean-silage; CornSoy, CS = corn-soybean; 
SilageSoy, SilS = silage-soybean. 
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Figure 11: Differences in DOC by crop rotation (a), tillage system (b), nitrogen source (c), and 
complete management practice (d) at the Northeast Iowa site. Letters represent Tukey’s Least 
Difference test. Groupings with any same letters are not significantly different using α = 0.1. 
Management practices had a significant effect on DOC (table 9). Splitting line of each boxplot 
represents the median of the data. Top and bottom boundaries of the boxplots represent upper 
and lower quantile of the data, respectively. Top and bottom whiskers of each boxplot represent 
the maximum and minimum of the data, respectively. Points represent outliers. Table 6 
summarizes data means, standard error, and 95% confidence interval. Abbreviations used: 
ContCorn = continuous corn; CornSoy, CS = corn-soybean; SoyCorn = soybean-corn. 
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Figure 12: Differences in DOC by hillslope position at the Central Iowa site in soybean (a) and 
corn (b) phase. Letters represent Tukey’s Least Difference test. Groupings with any same letters 
are not significantly different using α = 0.1. Splitting line of each boxplot represents the median 
of the data. Top and bottom boundaries of the boxplots represent upper and lower quantile of the 
data, respectively. Top and bottom whiskers of each boxplot represent the maximum and 
minimum of the data, respectively. Points represent outliers. Tables 4-5 summarize data means, 
standard error, and 95% confidence interval.  
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Figure 13: Differences in DOC by slope aspect (a), hillslope position (b), and landscape position 
(c) at the Northeast Iowa site. Letters represent Tukey’s Least Difference test. Groupings with 
any same letters are not significantly different using α = 0.1. Splitting line of each boxplot 
represents the median of the data. Top and bottom boundaries of the boxplots represent upper 
and lower quantile of the data, respectively. Top and bottom whiskers of each boxplot represent 
the maximum and minimum of the data, respectively. Points represent outliers. Table 6 
summarize data means, standard error, and 95% confidence interval. Abbreviations used: NW = 
northwest; NE = northeast; SE = southeast; SW = southwest; Su = summit; Sh = shoulder; Fs = 
footslope. 
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Figure 14: Differences in DOC by management practice and landscape position at the Central 
Iowa site in soybean (a) and corn (b) phase. Letters represent Tukey’s Least Difference test. 
Groupings with any same letters are not significantly different using α = 0.1. In corn phase, the 
interaction between crop rotation and landscape position had a significant effect on DOC (table 
8). Splitting line of each boxplot represents the median of the data. Top and bottom boundaries 
of the boxplots represent upper and lower quantile of the data, respectively. Top and bottom 
whiskers of each boxplot represent the maximum and minimum of the data, respectively. Points 
represent outliers. Abbreviations used: SoyCorn = soybean-corn; SoySilage = soybean-silage; 
CornSoy = corn-soybean; SilageSoy = silage-soybean. 
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Figure 15: Differences in DOC by management practice and slope aspect (a), hillslope position 
(b), and landscape position (c) at the Northeast Iowa site. Tukey’s Least Difference test results 
can be found in tables 7-9 for management practice and slope aspect, hillslope position, and 
landscape position, respectively. The interaction between management practice and hillslope 
position had a significant effect on DOC (table 8). Splitting line of each boxplot represents the 
median of the data. Top and bottom boundaries of the boxplots represent upper and lower 
quantile of the data, respectively. Top and bottom whiskers of each boxplot represent the 
maximum and minimum of the data, respectively. Points represent outliers. Abbreviations used: 
ContCorn, CC = continuous corn; CornSoy, CS = corn-soybean; CT, chisel = chisel plow tillage; 
U = UAN fertilizer; M = manure fertilizer; NW = northwest; NE = northeast; SE = southeast; 
SW = southwest; Su = summit; Sh = shoulder; Fs = footslope. 
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Figure 16: Differences in DON by management practice at the Central Iowa site. Differences in 
DON between crop rotations in soybean (a) and corn (d) phase. Differences in DON between 
cover crops in soybean (b) and corn (e) phase. Differences in DON between complete 
management practices in soybean (c) and corn (f) phase. Letters represent Tukey’s Least 
Difference test. Groupings with any same letters are not significantly different using α = 0.1. 
Splitting line of each boxplot represents the median of the data. Top and bottom boundaries of 
the boxplots represent upper and lower quantile of the data, respectively. Top and bottom 
whiskers of each boxplot represent the maximum and minimum of the data, respectively. Points 
represent outliers. Tables 4-5 summarize data means, standard error, and 95% confidence 
interval. Abbreviations used: SoyCorn, SC = soybean-corn; SoySilage, SSil = soybean-silage; 
CornSoy, CS = corn-soybean; SilageSoy, SilS = silage-soybean. 
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Figure 17: Differences in DON by crop rotation (a), tillage system (b), nitrogen source (c), and 
complete management practice (d) at the Northeast Iowa site. Letters represent Tukey’s Least 
Difference test. Groupings with any same letters are not significantly different using α = 0.1. 
Management practices had a significant effect on DON (table 9). Splitting line of each boxplot 
represents the median of the data. Top and bottom boundaries of the boxplots represent upper 
and lower quantile of the data, respectively. Top and bottom whiskers of each boxplot represent 
the maximum and minimum of the data, respectively. Points represent outliers. Table 6 
summarizes data means, standard error, and 95% confidence interval. Abbreviations used: 
ContCorn = continuous corn; CornSoy, CS = corn-soybean; SoyCorn = soybean-corn. 
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Figure 18: Differences in DON by hillslope position at the Central Iowa site in soybean (a) and 
corn (b) phase. Letters represent Tukey’s Least Difference test. Groupings with any same letters 
are not significantly different using α = 0.1. Splitting line of each boxplot represents the median 
of the data. Top and bottom boundaries of the boxplots represent upper and lower quantile of the 
data, respectively. Top and bottom whiskers of each boxplot represent the maximum and 
minimum of the data, respectively. Points represent outliers. Tables 4-5 summarize data means, 
standard error, and 95% confidence interval.  
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Figure 19: Differences in DON by slope aspect (a), hillslope position (b), and landscape position 
(c) at the Northeast Iowa site. Letters represent Tukey’s Least Difference test. Groupings with 
any same letters are not significantly different using α = 0.1. Hillslope position had a significant 
effect on DON (table 8). Splitting line of each boxplot represents the median of the data. Top and 
bottom boundaries of the boxplots represent upper and lower quantile of the data, respectively. 
Top and bottom whiskers of each boxplot represent the maximum and minimum of the data, 
respectively. Points represent outliers. Table 6 summarize data means, standard error, and 95% 
confidence interval. Abbreviations used: NW = northwest; NE = northeast; SE = southeast; SW 
= southwest; Su = summit; Sh = shoulder; Fs = footslope. 
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Figure 20: Differences in DON by management practice and landscape position at the Central 
Iowa site in soybean (a) and corn (b) phase. Letters represent Tukey’s Least Difference test. 
Groupings with any same letters are not significantly different using α = 0.1. Splitting line of 
each boxplot represents the median of the data. Top and bottom boundaries of the boxplots 
represent upper and lower quantile of the data, respectively. Top and bottom whiskers of each 
boxplot represent the maximum and minimum of the data, respectively. Points represent outliers. 
Abbreviations used: SoyCorn = soybean-corn; SoySilage = soybean-silage; CornSoy = corn-
soybean; SilageSoy = silage-soybean. 
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Figure 21: Differences in DON by management practice and slope aspect (a), hillslope position 
(b), and landscape position (c) at the Northeast Iowa site. Tukey’s Least Difference test results 
can be found in tables 7-9 for management practice and slope aspect, hillslope position, and 
landscape position, respectively. Splitting line of each boxplot represents the median of the data. 
Top and bottom boundaries of the boxplots represent upper and lower quantile of the data, 
respectively. Top and bottom whiskers of each boxplot represent the maximum and minimum of 
the data, respectively. Points represent outliers. Abbreviations used: ContCorn, CC = continuous 
corn; CornSoy, CS = corn-soybean; CT, chisel = chisel plow tillage; U = UAN fertilizer; M = 
manure fertilizer; NW = northwest; NE = northeast; SE = southeast; SW = southwest; Su = 
summit; Sh = shoulder; Fs = footslope.
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Table 4: Northeast Iowa management and slope aspect Tukey’s Least Difference test 
Management 
Practice 
Slope 
Aspect 
Soil Respiration 
(mg C kg soil-1) 
DOC 
(mg C kg soil-1) 
DON 
(mg N kg soil-1) 
CC-CT-M 
NW a b   a a b  
NE  b   a a b c 
SE  b   a a b c 
SW  b   a  b  
CS-CT-U 
NW   c  a   c 
NE   c d a a b c 
SE   c d a a b c 
SW a b  d a   c 
CS-NT-M 
NE a  c d a a b c 
SE   c d a a  c 
SW a  c d a   c 
Abbreviations used:  CC = continuous corn; CS = corn-soybean; CT = chisel plow tillage; NT = no-
tillage; M = manure fertilizer; U = UAN fertilizer; NW = northwest; NE = northeast; SE = southeast; 
SW = southeast. Tukey’s Least Difference test used α = 0.1. Tukey’s Least Difference groupings with 
any same letters are not significantly different. 
Table 5: Northeast Iowa management and hillslope position Tukey’s Least Difference test 
Management 
Practice 
Slope 
Aspect 
Soil Respiration 
(mg C kg soil-1) 
DOC 
(mg C kg soil-1) 
DON 
(mg N kg soil-1) 
CC-CT-M 
Summit a   a b  a b   
Shoulder a    b   b   
Footslope  b    c   c  
CS-CT-U Summit   c a   a b  d Shoulder   c a      d 
CS-NT-M 
Summit a  c a b  a   d 
Shoulder   c a      d 
Footslope   c a   a b  d 
Abbreviations used:  CC = continuous corn; CS = corn-soybean; CT = chisel plow tillage; NT = 
no-tillage; M = manure fertilizer. Tukey’s Least Difference test used α = 0.1. Tukey’s Least 
Difference groupings with any same letters are not significantly different. 
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Table 6: Northeast Iowa management and landscape position Tukey’s Least Difference test 
Management Practice Landscape Position 
Soil Respiration 
(mg C kg soil-1) 
DOC 
(mg C kg soil-1) 
DON 
(mg N kg soil-1) 
CC-CT-M 
NW-Su a b c    a b c  a b  
NE-Su    d   a b c  a b c 
SE-Su  b  d   a b   a b c 
SW-Su  b  d   a b c  a b c 
NW-Sh  b  d    b   a b c 
NE-Sh  b  d e  a b   a  c 
SE-Sh  b  d   a b   a  c 
SW-Sh  b  d e  a b   a b  
NE-Fs      f    d a   
CS-CT-U 
NW-Su a      a b c    c 
NE-Su a  c    a  c  a b c 
SE-Su a  c    a  c  a  c 
NW-Sh a  c    a b     c 
NE-Sh a        c    c 
SW-Sh a b c d e  a b     c 
CS-NT-M 
NE-Su  b c d e  a b c  a  c 
SE-Su a b c  e  a b c    c 
SW-Su a b c  e  a  c    c 
NE-Sh a  c    a  c  a b c 
SE-Sh a        c    c 
SW-Sh  b  d    b   a  c 
NE-Fs a  c  e  a b c  a b c 
SW-Fs a b c  e  a b c  a b c 
Abbreviations used:  CC = continuous corn; CS = corn-soybean; CT = chisel plow tillage; NT = no-tillage; M = 
manure fertilizer; U = UAN fertilizer; NW = northwest; NE = northeast; SE = southeast; SW = southeast; Su = summit; 
Sh = shoulder; Fs= Footslope. Tukey’s Least Difference test used α = 0.1. Tukey’s Least Difference groupings with 
any same letters are not significantly different. 
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Table 7: Central Iowa soybean phase factor p-values 
Factor Soil  
Respiration 
DOC DON Soil  
Moisture 
pH 
CR 0.1217 0.2812 0.8524 0.0096 0.8605 
CC <0.0001 0.0831 0.8595 0.0765 0.1504 
CR*CC 0.1430 0.2205 0.6976 0.3843 0.8929 
HSP 0.0268 0.1725 0.1886 0.0159 <0.001 
CR*HSP 0.8865 0.7742 0.6563 0.6937 0.3788 
CC*HSP 0.6299 0.7651 0.7663 0.6572 0.7070 
CR*CC*HSP 0.9383 0.9890 0.9771 0.8885 0.9990 
Abbreviations used: CR = crop rotation; CC = cover crop; LSP = hillslope 
position. Red = statistical significant, α = 0.1 
      
Table 8: Central Iowa corn phase factor p-values 
Factor Soil  
Respiration 
DOC DON Soil  
Moisture 
pH 
CR 0.0426 0.7190 0.7046 0.0238 0.1847 
CC 0.6019 0.3478 0.1406 0.7077 0.5125 
CR*CC 0.8906 0.5413 0.4054 0.2309 0.9085 
HSP 0.0580 0.5769 0.1176 0.0001 0.8400 
CR*HSP 0.9389 0.0304 0.9490 0.0299 0.3306 
CC*HSP 0.1244 0.9672 0.9501 0.1156 0.6438 
CR*CC*HSP 0.6614 0.5817 0.5115 0.8625 0.6731 
Abbreviations used: CR = crop rotation; CC = cover crop; HSP = hillslope 
position. Red = statistical significant, α = 0.1 
Table 9: Northeast Iowa factor p-values 
Factor Soil  
Respiration 
DOC DON Soil  
Moisture 
pH 
MGT <0.0001 0.0053 0.0077 0.0212 0.0556 
ASP 0.0822 0.4097 0.9359 0.0081 0.1866 
HSP 0.2835 0.1548 0.0407 0.0033 0.7527 
MGT*ASP 0.2246 0.3393 0.2425 <0.0001 0.0418 
MGT*HSP 0.1010 0.0178 0.4708 0.0005 0.4445 
ASP*HSP (LSP) 0.2698 0.3617 0.7029 <0.0001 0.4785 
Abbreviations used: MGT = management practice; ASP = slope aspect; HSP 
= hillslope position; LSP = landscape position. Red = statistical significant, α 
= 0.1 
53 
 
 
 
 
 
 
 
 
Table 10: Central Iowa soybean phase power analysis 
Sample  
size 
Samples 
per plot 
Soil  
respiration DOC DON 
Grav. Soil  
Moisture Content pH 
n = 185 n = 5 0.982 >0.999 0.247 >0.999 0.613 
n = 148 n = 4 0.969 0.998 0.172 >0.999 0.498 
n = 111 n = 3 0.938 0.946 0.115 >0.999 0.369 
n = 74 n = 2 0.859 0.611 0.077 0.998 0.236 
n = 37 n = 1 0.624 0.166 0.056 0.791 0.115 
Table 11: Central Iowa corn phase power analysis 
Sample  
size 
Samples 
per plot 
Soil  
respiration DOC DON 
Grav. Soil  
Moisture Content pH 
n=165 n = 5 0.983 0.163 0.197 0.994 0.983 
n=132 n = 4 0.944 0.124 0.143 0.976 0.930 
n=99 n = 3 0.837 0.093 0.102 0.918 0.775 
n=66 n = 2 0.604 0.069 0.073 0.751 0.482 
n=33 n = 1 0.254 0.055 0.055 0.391 0.171 
Table 12: Northeast Iowa power analysis 
Sample  
size 
Samples 
per plot 
Soil  
respiration DOC DON 
Grav. Soil  
Moisture Content pH 
n=230 n = 5 >0.999 >0.999 0.998 0.998 0.937 
n=184 n = 4 >0.999 >0.999 0.970 0.986 0.789 
n=138 n = 3 >0.999 >0.999 0.785 0.917 0.519 
n=96 n = 2 0.996 >0.999 0.194 0.726 0.264 
n=42 n = 1 0.664 >0.999 0.115 0.270 0.089 
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Table A1: Central Iowa soybean phase factor p-values 
Factor Fe P K Cu Zn Mn 
CR 0.9705 0.6368 0.7957 0.9266 0.7908 0.2351 
CC 0.0656 0.1962 0.8753 0.2483 0.3429 0.2293 
CR*CC 0.9907 0.4385 0.6336 0.8842 0.5115 0.1809 
HSP <0.0001 0.0003 0.0231 0.4865 0.0008 0.0004 
CR*HSP 0.2344 0.5724 0.3757 0.8405 0.9389 0.3667 
CC*HSP 0.1313 0.1258 0.5350 0.7192 0.9403 0.6236 
CR*CC*HSP 0.7506 0.6952 0.9446 0.7437 0.7277 0.2171 
Abbreviations used: CR = crop rotation; CC = cover crop; LSP = hillslope position. Red = 
statistical significant, α = 0.1 
       
Table A2: Central Iowa corn phase factor p-values 
Factor Fe P K Cu Zn Mn 
CR 0.4098 0.5749 0.0075 0.0416 0.5189 0.8703 
CC 0.5071 0.8144 0.3120 0.9158 0.8794 0.6413 
CR*CC 0.7408 0.5144 0.7760 0.9171 0.6315 0.6869 
HSP 0.0360 0.0960 0.3347 0.3765 0.0057 0.1615 
CR*HSP 0.3373 0.9902 0.7258 0.0034 0.7124 0.5423 
CC*HSP 0.2992 0.7860 0.6795 0.8811 0.3591 0.9919 
CR*CC*HSP 0.8297 0.4188 0.8217 0.3111 0.9541 0.4741 
Abbreviations used: CR = crop rotation; CC = cover crop; HSP = hillslope position. 
Red = statistical significant, α = 0.1 
Table A3: Northeast Iowa factor p-values 
Factor Fe P K Cu Zn Mn 
MGT 0.0217 0.0185 0.0018 0.9620 0.0013 0.0433 
ASP 0.6326 0.8538 0.6170 0.9193 0.7318 0.2799 
HSP 0.0267 0.9784 0.3694 0.6043 0.6821 0.2845 
MGT*ASP 0.6702 0.9891 0.9951 0.4871 0.9616 0.2738 
MGT*HSP 0.0585 0.8644 0.6440 0.5844 0.4697 0.5028 
ASP*HSP (LSP) 0.6617 0.9919 0.7347 0.3772 0.9725 0.2875 
MGT*ASP*HSP 0.2314 0.8556 0.7723 0.3999 0.9521 0.1161 
Abbreviations used: MGT = management practice; ASP = slope aspect; HSP = hillslope 
position. LSP = landscape position. Red = statistical significant, α = 0.1 
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Table A4: Central Iowa site soybean phase description statistics      
 Soil Respiration (mg C kg soil-1) DOC (mg C kg soil-1) DON (mg N kg soil-1) 
Factor Factor level Mean 
Std.  
error 
CI 
lower 
CI 
upper Mean 
Std.  
error 
CI 
lower 
CI 
upper Mean 
Std.  
error 
CI 
lower 
CI 
upper 
Crop Rotation SoyCorn 812.46 25.19 770.03 856.07 110.09 7.01 99.95 123.90 30.25 4.36 20.61 35.51 SoySil 773.92 25.82 691.86 780.08 101.11 7.24 88.46 113.19 30.22 4.48 19.29 34.59 
Cover Crop No Cover 668.98 27.41 630.99 724.63 97.25 7.68 84.16 110.40 28.15 4.76 18.79 35.03 Rye Cover 854.85 23.45 831.16 911.27 108.78 6.52 104.33 126.61 31.36 4.06 21.15 35.02 
Management 
Practice 
SC-No 739.93 36.26 681.68 805.56 108.15 10.16 91.80 126.52 27.94 6.29 15.49 36.99 
SC-Rye 875.93 34.96 822.75 942.20 111.79 9.67 98.18 131.20 32.26 6.05 19.55 40.20 
SSil-No 586.22 41.12 541.76 682.23 84.09 11.52 65.72 105.08 28.40 7.13 15.39 39.77 
SSil-Rye 844.31 31.25 806.56 913.33 107.28 8.76 101.29 131.21 30.90 5.42 17.04 35.56 
Landscape 
Position 
Summit 884.68 41.12 704.27 840.38 116.54 8.21 97.73 124.93 24.41 5.08 16.16 32.98 
Shoulder 745.11 18.90 697.81 760.38 97.46 5.31 86.75 104.33 34.29 3.28 28.56 39.43 
Footslope 772.33 29.25 773.70 870.52 112.25 11.52 93.18 131.33 23.93 7.13 12.12 35.74 
Abbreviations used: SoyCorn, SC = Soybean-Corn; SoySil, SSil = Soybean-Silage; CI = 95% Confidence Interval. 
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Table A5: Central Iowa site corn phase description statistics      
 Soil Respiration (mg C kg soil-1) DOC (mg C kg soil-1) DON (mg N kg soil-1) 
Factor Factor level Mean 
Std.  
error 
CI 
lower 
CI 
upper Mean 
Std.  
error 
CI 
lower 
CI 
upper Mean 
Std.  
error 
CI 
lower 
CI 
upper 
Crop Rotation CornSoy 809.52 48.13 731.28 895.71 125.18 10.30 100.73 135.93 32.41 3.28 24.61 35.83 SilSoy 685.78 30.75 669.47 774.52 111.02 6.58 102.64 125.12 31.00 2.10 25.14 32.31 
Cover Crop No Cover 743.19 42.57 679.94 825.38 111.44 9.11 94.69 125.82 27.71 2.91 21.55 31.47 Rye Cover 718.94 38.08 717.79 847.87 117.89 8.15 108.03 135.87 33.35 2.60 28.00 36.88 
Management 
Practice 
CS-No 781.97 68.76 676.99 911.89 120.06 14.72 91.13 141.41 28.07 4.69 17.59 33.62 
CS-Rye 832.48 67.37 717.47 947.62 129.45 14.42 95.76 145.02 36.03 4.60 26.99 42.69 
SilS-No 710.87 50.21 625.10 796.65 104.25 10.75 85.89 122.61 27.41 3.43 21.56 33.27 
SilS-Rye 676.36 35.51 672.47 793.77 113.56 7.60 110.53 136.50 32.35 2.42 25.91 34.19 
Landscape 
Position 
Footslope 690.53 28.63 665.71 760.55 111.46 6.13 102.54 122.84 33.56 1.95 29.31 35.78 
Toeslope 824.35 49.42 740.49 904.22 127.14 10.58 102.00 137.05 25.91 3.37 20.82 31.99 
Abbreviations used: CornSoy, CS = Corn-Soybean; SilSoy, SilS = Silage- Soybean; CI = 95% Confidence Interval. 
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Table A6: Northeast Iowa site description statistics      
 Soil Respiration (mg C kg soil-1) DOC (mg C kg soil-1) DON (mg N kg soil-1) 
Factor Factor level Mean 
Std.  
error 
CI 
lower 
CI 
upper Mean 
Std.  
error 
CI 
lower 
CI 
upper Mean 
Std.  
error 
CI 
lower 
CI 
upper 
Management 
Practice 
 
CC-CT-M 1158.15 38.54 1119.90 1252.53 161.14 10.75 155.39 192.38 35.93 1.55 33.98 39.31 
CS-CT-U 869.162 52.79 818.15 999.81 123.40 14.66 109.96 160.41 29.93 2.14 27.49 34.86 
CS-NT-M 962.39 50.30 859.21 1032.33 123.97 13.52 102.63 149.15 31.85 1.88 28.22 34.69 
Slope Aspect 
NW 851.17 49.90 854.73 1029.60 135.63 16.25 122.19 175.87 31.60 2.75 28.17 37.24 
NE 1057.05 32.88 994.53 1103.16 146.30 9.46 131.00 162.25 33.43 1.39 31.71 36.32 
SE 1051.60 47.56 949.24 1106.35 137.21 15.13 117.76 167.72 30.86 2.45 27.40 35.49 
SW 1080.79 35.11 972.81 1088.81 143.77 10.49 124.23 158.87 35.41 1.64 31.50 36.91 
Hillslope 
Position 
Summit 1019.87 33.04 929.94 1039.10 132.87 9.61 112.71 144.48 32.56 1.44 28.66 33.41 
Shoulder 1032.68 30.06 913.82 1013.13 144.64 8.74 122.23 151.09 33.64 1.36 29.86 34.33 
Footslope 1169.15 48.32 1013.15 1172.79 172.66 15.63 143.88 195.53 37.36 2.63 31.81 40.50 
Landscape 
Position 
NW-Su 798.28 72.53 796.61 1036.44 139.42 24.08 98.80 178.36 30.26 4.10 25.39 38.95 
NE-Su 1020.25 38.85 963.25 1091.59 134.28 11.94 113.07 152.51 32.06 1.93 29.59 35.98 
SE-Su 1045.33 54.40 901.98 1081.72 138.49 17.32 99.38 156.61 31.22 2.88 25.18 34.69 
SW-Su 1076.20 46.95 926.33 1078.46 160.55 14.80 97.41 146.31 37.60 2.51 26.11 34.39 
NW-Sh 886.44 64.19 810.98 1023.05 129.94 20.59 108.42 176.44 33.61 3.43 25.52 36.84 
NE-Sh 1005.36 39.31 908.41 1038.28 133.59 11.90 108.65 147.96 32.44 1.93 28.42 34.79 
SE-Sh 1059.97 59.48 882.49 1078.99 136.24 19.66 97.78 162.74 30.58 3.38 23.92 35.09 
SW-Sh 1108.02 44.79 943.68 1091.65 130.53 13.57 127.94 172.76 33.00 2.17 31.80 38.97 
NE-Fs 1305.96 61.73 1072.06 1276.00 215.07 19.70 160.05 225.14 40.05 3.28 32.87 43.71 
SW-Fs 1012.80 67.13 918.72 1140.52 124.19 21.77 97.94 169.85 34.29 3.69 29.15 41.34 
Abbreviations used: CC = continuous corn; CS = corn-soybean; CT = chisel plow tillage; NT = no-tillage; M = manure fertilizer; U = UAN fertilizer; 
NW = northwest; NE = northeast; SE = southeast; SW = southeast; Su = summit; Sh = shoulder; Fs= Footslope; CI = 95% Confidence Interval. 
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CHAPTER 3.    CONCLUSION 
The goal of this research was to assess which soil health metrics are most responsive 
to management differences, where on the landscape to sample for soil health, and quantity 
soil samples are needed to detect management differences. These analyses were examined at 
the research experiment scale at two long-term sites in Iowa. 
In Chapter 2, I presented evidence that soil respiration is the most responsive 
biological soil health metric. Soil health differences from management practices were 
greatest with this metric, and because soil respiration had low intrinsic variability, it took the 
least number of samples to detect these differences across sites.  
The landscape position location where soil health differences were most easily 
observed was interdependent with management. When comparing cover crop practices, the 
summit, then the footslope proved to be the best hillslope positions to detect management 
differences, respectively. When comparing continuous corn-CT and corn-soybean-NT 
practices, where carbon and nutrient cycle budgets are vastly different in terms of inputs and 
outputs, the footslope proved to greatest differences. Additionally, differences in soil health 
were generally more pronounced in easterly slope aspects. My overarching recommendations 
are to sample in the easterly facing summit and footslope with consideration of what 
management positions are being compared. In any case, landscape positions should also be 
matched to give a fair comparison. This recommendation shows the importance of our ability 
and practice of quantify the landscape in a repeatable manner.  
My results indicate abundant soil samples are needed to consistently detect 
management differences with sufficient power. Overall, I recommend at least 100 soil 
samples are needed per dataset, 25 per management practice, and 3 separate soil samples per 
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plot. When intensive soil sampling is not possible, the importance of which soil health 
metrics are used and location of soil sampling increases to insure sufficient power. In any 
case, post hoc power analyses should be more widely utilized in soil science to evaluate 
whether or not there is a Type II error.  
 
